Abstract Spatial and high-time-resolution properties of the velocities, magnetic field, and 3-D electric field within plasma turbulence are examined observationally using data from the Magnetospheric Multiscale mission. Observations from a Kelvin-Helmholtz instability (KHI) on the Earth's magnetopause are examined, which both provides a series of repeatable intervals to analyze, giving better statistics, and provides a first look at the properties of turbulence in the KHI. For the first time direct observations of both the high-frequency ion and electron velocity spectra are examined, showing differing ion and electron behavior at kinetic scales. Temporal spectra exhibit power law behavior with changes in slope near the ion gyrofrequency and lower hybrid frequency. The work provides the first observational evidence for turbulent intermittency and anisotropy consistent with quasi two-dimensional turbulence in association with the KHI. The behavior of kinetic-scale intermittency is found to have differences from previous studies of solar wind turbulence, leading to novel insights on the turbulent dynamics in the KHI.
Introduction
The nonlinear dynamics of many space plasmas (e.g., the solar corona, solar wind, planetary magnetospheres, and interstellar medium) result in a phenomenon known as turbulence [e.g., Matthaeus et al., 1995; Tu and Marsch, 1995; Weygand et al., 2005; Bruno and Carbone, 2013; Falceta-Gonçalves et al., 2014; Cranmer et al., 2015] . Turbulence allows for the scale-to-scale transfer of fluctuation energy within a system. In many systems the direction of this energy transfer is from large to small scales and therefore turbulence can play a key role in driving the kinetic-scale phenomena observed in space plasmas and dissipating large-scale energy [Matthaeus and Lamkin, 1986; Servidio et al., 2010; Donato et al., 2012; Wan et al., 2012; Osman et al., 2012 Osman et al., , 2013 Osman et al., , 2014 Kiyani et al., 2015] . While information about the small-scale magnetic and electric field behavior has been well studied, for example, in the solar wind [e.g., Bale et al., 2005; Sahraoui et al., 2009] , information about the kinetic-scale velocity fluctuations (for both the ions and electrons) is more difficult to obtain.
Since the nonlinear terms, which lead to the scale-to-scale coupling in a turbulent system, involve spatial gradients, turbulence is traditionally examined from the perspective of spatial correlations. For example, a variety of well-known predictions for the wave number spectrum of turbulent systems have been derived [Kolmogorov, 1941a; Iroshnikov, 1964; Kraichnan, 1965] . However, the temporal correlations of a turbulent medium can also provide useful information about the system [Chevillard et al., 2005; Homann et al., 2007; Yoshimatsu et al., 2011; Comişel et al., 2013] . With high-resolution, four-spacecraft measurements, the recently launched Magnetospheric Multiscale (MMS) mission [Burch et al., 2016a] is well suited for examining turbulence both in terms of its spatial properties and in terms of the high-frequency behavior. Furthermore, the Fast Plasma Investigation (FPI) on MMS [Pollock et al., 2016] , which provides measurements of the ion distribution function every 0.15 s and the electron distribution function every 0.03 s, allows one to probe the behavior of the fluid velocities at kinetic timescales.
In this study, turbulence is examined in the context of the Kelvin-Helmholtz instability (KHI), which is a velocity shear-driven instability that can occur on the equatorial flanks of the magnetopause at Earth [e.g., Hasegawa et al., 2004] and other planets [Delamere et al., 2013] . Global simulations have also shown that the KHI can be generated by jets in the magnetosheath . The development of the KHI begins as an antisunward propagating surface wave, which "rolls up" into a train of vortices in the wave's nonlinear phase. The presence of the KHI can have consequences for the coupling of the magnetosphere to the magnetosheath, leading to magnetic reconnection even for northward interplanetary magnetic field and allowing momentum and mass transport across the magnetopause [e.g., Nykyri and Otto, 2001; Nakamura et al., 2013] .
KHI simulations show the development of turbulence within the vortices, which is thought to be driven by secondary instabilities that form as the KH vortices roll up Nakamura and Daughton, 2014; Daughton et al., 2014; Rossi et al., 2015] . Turbulence provides a pathway for the transfer of energy from the large-scale KH vortices to small scales where collisionless processes can lead to dissipation and particle heating. Simulations show that turbulence aids in plasma mixing within the KHI [Matsumoto and Hoshino, 2004; Matsumoto and Seki, 2010] . The tangling of magnetic fields due to turbulence may also lead to additional reconnection sites in the KHI [Servidio et al., 2010; Donato et al., 2012] . While some observational studies suggest the presence of turbulence [Chaston et al., 2007; Hwang et al., 2011] , extensive observational examination of the properties of KHI-related turbulence has not been performed. The examination of KHI data in this study is useful, not only because KHI-related turbulence has not been explored extensively in observations but also because it provides a large number of repeated turbulent intervals with similar properties, which aids in building statistics.
On 8 September 2015 between 9 and 12 UTC, MMS observed a potential KHI event for which over an hour of high-resolution "burst" data were available. Eriksson et al. [2016] analyzed this period and resolved Hall effects and magnetic reconnection exhausts at periodic current sheets throughout the event for the first time. Additionally, Eriksson et al. [2016] found that the period is unstable to the KHI using the observed parameters in the magnetosphere and magnetosheath during the event along with the KHI threshold [Chandrasekhar, 1961] . Here we provide the first in-depth observational study of turbulence properties in association with a KHI. The study provides evidence for turbulence in the regions between the periodic current sheets, which may correspond to the interior of vortices depending on the stage of development, and several features are discussed that warrant further investigation. MMS allows for the analysis of temporal and spatial features using the four-spacecraft formation, which is of particular importance in the magnetosphere where the Taylor frozen-in hypothesis is potentially invalid [Matthaeus and Goldstein, 1982] . Additionally, ion and electron flow velocities are examined observationally down to kinetic scales in a turbulent plasma for the first time.
Analysis
In this study, magnetic field (B) data from the Fluxgate Magnetometers (FGM) [Russell et al., 2016] and Search-Coil Magnetometer (SCM) [Le Contel et al., 2016] , electric field (E) data from the Electric Field Double Probes (EDP) [Ergun et al., 2016a; Lindqvist et al., 2016] , and ion and electron bulk velocities (U i and U e ) from the Fast Plasma Investigation (FPI) [Pollock et al., 2016] are analyzed. Fifty-four intervals of burst data are manually selected for analysis, such that they are located between the periodic current sheets associated with the KHI and contain enhanced fluctuations in B when a 10 s running average is subtracted. Varying the timescale of the running average provides results similar to the 10 s average. The background magnetic field (B 0 ), bulk flow velocities (U 0 ), Alfvén velocity (V A ), ion gyrofrequency (f ci ), lower hybrid frequency (f LH ), and ion gyroradius ( i ) are defined based on average parameters from each interval. Subscripts ⟂ and || will refer to components perpendicular and parallel to B 0 . Figure 1 shows an example overview from one interval as observed by MMS1. All spacecraft appear similar but not identical. Sharp changes in B y GSE in Figure 1g at 11:00:25 UT and 11:01:20 UT are two of the periodic current sheets associated with the KHI. Sharp decreases in temperature and an increase in density occur at the current sheets consistent with a transition from the magnetospheric boundary layer to the magnetosheath, and a more gradual transition back to boundary layer temperatures occurs between the current sheets, as expected in the KHI [e.g., Hasegawa et al., 2006] . Black dashed lines mark one of the intervals analyzed for turbulence, which features fluctuations in B, E, U i , and U e . In many cases, periods of low fluctuations (peak B fluctuation amplitudes < 5 nT) are located between the current sheets and turbulent intervals, which may be indicative of the path traveled through the event. The low-fluctuation regions are often associated with lower temperatures and higher densities than the turbulent regions (see Figures 1c and 1d ) and so may be associated with the magnetosheath plasma, providing an indication that the magnetospheric part of the KH vortices may be more turbulent than the magnetosheath part.
In the following analysis of the turbulent intervals, linear trends (based on least squares fits of the turbulent intervals) are subtracted from the quantities instead of the 10 s running average mentioned above. With linear trends subtracted, root-mean-square fluctuation amplitudes are B rms ≈ 11 nT, E rms ≈ 5 mV/m, U i,rms ≈ 57 km/s, and U e,rms ≈ 150 km/s. B 0 is stronger than the fluctuations such that B rms ∕B 0 ≈ 0.14. The ratio of the ion to electron temperatures is 6.5 on average.
Spectra
In turbulence theory, energy spectra are expected to follow power laws in wave number (k), with fluid-scale predictions including k −5∕3 [Kolmogorov, 1941a] and k −3∕2 [Iroshnikov, 1964; Kraichnan, 1965] , as well as k −2 for weak magnetohydrodynamic (MHD) turbulence in the absence of velocity-magnetic field correlations [Galtier et al., 2000] , as observed in the magnetosphere of Jupiter [Saur et al., 2002] . Predicted power laws are based on assumptions for the nonlinear energy transfer timescale. If the physics associated with nonlinear interactions changes, as occurs at the transition from fluid to kinetic scales, the power law is expected to change.
Using MMS, frequency (f ) instead of k spectra can be computed, but, even so, power law behavior is found in both individual spectra from each interval and average spectra. In creating average spectra, standardized interval lengths of ≈ 32 s for each quantity are adopted, which omits 16 shorter intervals. Data gaps prevent the computation of spectra with SCM data in seven intervals. Prior to averaging, the normalizations B∕B 0 , E∕(B 0 V A ), U i ∕V A , and U e ∕V A are performed. For B spectra, FGM data are used for f < 1 Hz, SCM data are used for f > 8 Hz, and a linear combination is used in between. For the intervals examined, f ci ≈ 1 Hz and f LH ≈ 50 Hz, indicated by vertical solid and dashed lines, respectively, in Figure 2 .
Since the Taylor hypothesis is not valid (U 0 ≈ 200 km/s compared to V A ≈ 450 km/s) and the spatial separation of MMS is larger than the ion scales (average spacecraft separations over all intervals are 175 km ≈ 4.3 i ) in this event, spatial information cannot be obtained directly, although it is needed to produce k spectra or account for Doppler shifts into the kinetic scales. In order to provide an estimate of k ⟂ in Figure 2 , it is assumed that k ⟂ is sufficiently large compared to k || such that the advective Doppler shift term dominates the observed frequency. Since U 0⟂ > U 0|| , this approximation gives k ⟂ = 2 f ∕U 0⟂ , which does not change the observed power laws when converting f to k ⟂ . The average U 0⟂ and U 0|| for the intervals are 170 km/s and 33 km/s, respectively. This approximation is valid for MHD and kinetic-scale Alfvénic fluctuations and has been utilized in other magnetospheric studies of turbulence [Chaston et al., 2007 [Chaston et al., , 2012 ; however, it may not be true for other types of fluctuations. In Figure 2 , k ⟂ estimates are excluded for scales smaller than 10 Debye lengths, since the approximation is likely not valid at these scales. Figure 2 shows spectra averaged over the four spacecraft and multiple intervals. The |B| spectrum ( Figure 2a )
The change in slope coincides with k ⟂ i ≈ 1, as one would expect in plasma turbulence [e.g., Sahraoui et al., 2009] . For the individual intervals, the low-frequency power laws are generally in the vicinity of f −3∕2 or f −5∕3 consistent with the theoretical fluid predictions and observations of turbulence in the solar wind and plasma sheet [Matthaeus and Goldstein, 1982; Ergun et al., 2015] . The parameter B ⟂ contains most of the power below f ≈ 100 Hz, whereas B ⟂ and B || are nearly equal at higher frequencies (see inset of Figure 2a ).
The |E| spectrum shows three power laws f
is similar in amplitude to B∕B 0 consistent with Alfvénic fluctuations; however, it tends to have a shallower slope as also seen by Ergun et al. [2015] . Unlike B, E becomes shallower above f ci , as also observed in other space plasmas [Bale et al., 2005; Chaston et al., 2012; Ergun et al., 2015] . U i,⟂ ∕V A spectra are similar to B ⟂ ∕B 0 for f < f ci consistent with Alfvénic fluctuations, and U e,⟂ is similar to U i,⟂ . The consistency of the low-frequency fluctuations in all of the quantities with Alfvénic fluctuations is in accordance with the approximation used to convert f to k ⟂ being valid. As f approaches f ci , U e,⟂ and U i,⟂ diverge with U e,⟂ becoming shallower similar to E ⟂ , which is consistent with ions decoupling at these frequencies Changes in spectral slope are seen in B and E near f ci (vertical solid line) with B steepening and E becoming shallower. At f LH (vertical dashed line), E steepens. Below f ci , the perpendicular components of all normalized vectors are similar, consistent with Alfvénic fluctuations. U i , B, and E are dominated by the perpendicular components for most of the frequency range, while U e is dominated by the parallel component. Dark gray regions mark the uncertainty in the velocity spectra based on the statistical uncertainty in the FPI data, and light gray regions give upper and lower quartiles of the spectra used in averaging.
while the electrons remain frozen to the field. U i,⟂ also becomes steeper than B ⟂ in this range consistent with simulations [e.g., Franci et al., 2015; Stawarz and Pouquet, 2015] . The divergence of U i,⟂ and U e,⟂ spectra begins at k ⟂ i < 1 and may be consistent with the ion inertial length, which is located at k ⟂ i ≈ 0.65. Similar behavior has been seen in the k spectra from kinetic simulations, where U i and U e diverge from each other at scales near the ion inertial length (≈ 65 km in this event) . While U i,⟂ dominates over U i,|| , most of the U e power is in U e,|| (except at the lowest frequencies). Note that aliasing effects may be present in the high frequencies of the velocity spectra.
The spectral behavior is consistent with the general behavior seen in the time domain. Strong fluctuations can be seen in U e,z GSE (nearly the field-aligned component) in Figure 1f as compared to the other components.
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Comparing Figure 1e to Figure 1f , while similar overall trends are seen in the components, there is generally smaller-scale activity in U e .
Statistical uncertainties on the velocities are typically a few km/s for U i and a few tens of km/s for U e . Dark shaded regions in Figures 2c and 2d show the standard deviation in the velocity spectra due to instrumental uncertainties based on an ensemble of time series where random noise given by the statistical uncertainties in the FPI moment calculations is applied to the data. Light shaded regions show the observed spread in spectral power for the averaged intervals quoted as the upper and lower quartiles for each frequency, which could include contributions from instrumental uncertainty and the physical variability of the system. The highest frequencies of the velocity spectra may be reaching the noise floor of FPI; however, the differing behavior between ion and electron velocities appears to be a robust signature.
Intermittency
Turbulent intermittency is associated with the formation of exceptionally strong gradients (in particular, currents in the case of plasmas) within the turbulence [e.g., Mininni et al., 2006] . Intermittent current structures are likely sites for turbulent reconnection [Osman et al., 2014] and are thought to be important for turbulent dissipation in collisionless plasmas . While intermittency is traditionally examined in the spatial domain [Politano and Pouquet, 1995] , similar features are found in the temporal behavior and linked to the advection of coherent structures by the turbulence [Chevillard et al., 2005; Weygand et al., 2005] . One way of examining intermittency is by considering the distribution and moments of temporal or spatial increments in the magnetic field given by [Sorriso-Valvo et al., 1999; Weygand et al., 2005] 
where i denotes a component of B, and Δx are time and space lags, respectively, and ⟨...⟩ denotes an average, which is performed over time in this study. In a turbulent system, distributions of ΔB i ∕ΔB i,rms are expected to be Gaussian at large lags where fluctuations are uncorrelated and have super-Gaussian wings at small lags, which is associated with coherent structures. MMS allows for the measurement of increments both temporally and spatially.
Using FGM data, ΔB i ∕ΔB i,rms can be examined at a variety of and roughly one Δx, corresponding to the separation of the four spacecraft (Δx ≈ 175 km). Figure 3 shows distributions of ΔB y ∕ΔB y,rms for temporal and spatial lags and the kurtosis of the distributions as a function of . Distributions from each spacecraft (or from the six different spacecraft pairs for spatial differences) and each interval are coadded to build up statistics in the wings of the distributions. As can be seen in the temporal distributions, at large > 8 s, the distributions are nearly Gaussian with kurtosis near 3, and at smaller , the kurtosis is > 3 and the distributions develop super-Gaussian wings as expected from turbulence. While the distributions as a function of Δx cannot be examined directly with these data, the distribution at the obtainable Δx shows super-Gaussian wings with kurtosis ranging from 4.26 to 4.85 for the three components. Temporal distributions roughly have kurtosis values in this range near ≈ 1 s. As a check for consistency, assuming temporal distributions are purely associated with advected spatial structures, this would give an advection velocity of ≈ 175 km/s, which is roughly consistent with the bulk ion velocities seen in Figure 1 and provides additional support that the Taylor hypothesis-like assumption used in section 2.1 to convert f to k ⟂ is reasonable.
A related measure of intermittency is based on the examination of the slope of structure functions for the magnetic field (or velocity) [e.g., Sreenivasan, 1991; Tu and Marsch, 1995; Politano and Pouquet, 1995; Weygand et al., 2009; Bruno and Carbone, 2013] . The temporal structure function for the magnetic field can be defined as
The analogous quantity can similarly be defined for the components of the velocity. In a turbulent system, structure functions are expected to follow power laws such that S p ∼ p . Departures of p from a linear scaling with p are indicative of the breaking of global self-similarity in the turbulence and the intermittent nature of the small-scale gradients (see, for example, Bruno and Carbone [2013] for a review of the topic and various models). Linear and nonlinear scaling of p with p is often referred to as fractal and multifractal scaling, respectively. For reference, the Kolmogorov [1941a] hypotheses, which lead to the k −5∕3 power law scaling and do not include the effects of intermittency, predict a linear scaling of p = p∕3. The value of 1 for p = 3 corresponds to the well-known exact relationship in isotropic, homogeneous, hydrodynamic turbulence [Kolmogorov, 1941b] (see Politano and Pouquet [1998] for the more complex magnetohydrodynamic analogue).
Figures 4a and 4b show example structure functions for B y GSE and U i,y GSE with values of p from 1 to 10. When combining data from different intervals in computing S p ( ), measurements have been weighted by ΔB i,rms ( ) for each interval. For both quantities, S p ( ) shows a change in power law slope near ≈ 1 s, which roughly coincides with the inverse of the frequency where the power laws of the spectra change. Figures 4c and 4d show p as a function of p for B and U i , respectively. Two ranges of have been fit: one corresponding to fluid scales from 1.2 s to 10 s and the other corresponding to kinetic scales from 0.3 s to 0.9 s. At fluid scales, the x and y GSE components (roughly corresponding to the perpendicular fluctuations) of B and U i produce similar levels of intermittency, insofar as they depart from a linear scaling by a similar amount. Furthermore, the unnormalized power law slopes p produce similar values between B and U i . Lesser degrees of intermittency are found in the kinetic range. All of the U i components follow a nearly linear scaling until the highest values of p in the kinetic range. While all of the components of B depart from a linear scaling by a greater extent than U i in the kinetic range, the departure is less than the fluid scale range. 
Anisotropy
The presence of a strong B 0 , as seen in Figure 1 , is believed to introduce anisotropy to the turbulent fluctuations. One way of examining the anisotropy of the spatial scales is by considering the spatial autocorrelation function (A Q ) of a quantity Q, defined as
The energy spectrum as a function of k is proportional to the Fourier transform of A Q . The shape of A Q provides information about the length scales associated with the turbulence, such as the correlation length which indicates the typical large scale of the turbulence and the Taylor scale which is the characteristic scale associated with gradients. Large values of A Q over a wide range of Δx indicates a large correlation length.
Since only one value of Δx is available during the KHI event, the values of the length scales cannot be determined. However, by examining A Q for the six directions in the formation, MMS can provide an indication of the anisotropy in the length scales. During the KHI event, two of the spacecraft, MMS1 and MMS2, were separated within ≈ 10 ∘ of B 0 , providing an ideal configuration for examining how the length scales differ respectively in the parallel and perpendicular directions to B 0 . [Matthaeus et al., 1990; Dasso et al., 2005] , plasma sheet [Weygand et al., 2009] , and with Alfvénic vortex structures associated with turbulence in the magnetosheath [Alexandrova et al., 2006] . The observed anisotropy is also consistent with the assumption used to convert f to k ⟂ in section 2.1. The quasi 2-D anisotropy also coincides with the symmetries associated with the KHI. While A B and A U i have similar values, A E and A U e are smaller, which may be indicative of similar scales for the B and U i fluctuations and smaller scales for the E and U e fluctuations. Smaller-scale fluctuations in E may be consistent with the enhanced E power over B for f > f ci in Figure 2 , assuming that high frequencies correspond to large wave numbers.
Figure 5. Scatterplots of the autocorrelation functions (a) A B , (b) A E , (c) A U i , and (d)
A
Discussion
The great interest in the wave number spectra in turbulence is associated with the fact that well-known theoretical predictions are provided for it. However, even without a direct measurement of the wave number spectrum, the temporal behavior and frequency spectrum is also of interest in a turbulent system. Examination of spatiotemporal spectra a priori allows for a separation of linear waves characterized by dispersion relations and nonlinear eddies, corresponding to a broadening of the dispersion law. However, Doppler shifting can occur due to mean flows, and singular structures, as in the form of critical layers in the atmosphere, can affect the scaling properties of the turbulence [Clark di Leoni and Mininni, 2015] . The relative motion of Lagrangian particles is also linked to the time reversal symmetry breaking of turbulent flows [Jucha et al., 2014] . Temporal dynamics are linked to the path of Lagrangian particles such as buoys in the ocean or (superpressure) balloons in the atmosphere [e.g., Hua et al., 1998; D'Asaro and Lien, 2000; Shaw, 2003; Vincent et al., 2007] . The acceleration of particles can be measured in the laboratory [Voth et al., 1998; Mordant et al., 2001; Falkovich et al., 2012] , as well as in direct numerical simulations of turbulent flows [Yeung et al., 2007] , and these statistics are linked to extreme events in the dynamics [Sawford and Yeung, 2013; Scatamacchia et al., 2012] and affect mixing properties of such flows [Sawford and Pinton, 2013] . This dynamical behavior can be modeled with point vortices [Rast and Pinton, 2011] , and it can in turn yield models of intermittency [Meneveau, 2011] . Finally, the Lagrangian behavior has also been examined in MHD flows [Homann et al., 2007 [Homann et al., , 2014 .
Furthermore, while it is not necessarily straightforward to convert frequencies to wave numbers in the parameter regime of this event without significant assumptions, the approximation k ⟂ = 2 f ∕U 0⟂ discussed in section 2.1 seems to work reasonably well in estimating wave numbers. Under this approximation, low-frequency power laws and the wave numbers at which changes in power law slopes occur are in accordance with expectations, and the correspondence of observed spatial and temporal kurtosis values for magnetic field increments is consistent with U 0⟂ (see section 2.2). The observed spatial anisotropy presented in section 2.3 is also consistent with the assumption made in arriving at the expression.
The spectra presented in section 2.1 exhibit power law behavior with changes in slope at f ci , which may also be consistent with k ⟂ i ≈ 1, as expected from turbulence theory and observed in other turbulent plasmas. At larger scales, the relationships between the amplitudes of the fields and velocities are consistent with MHD-scale Alfvénic fluctuations. In other plasmas, it has been proposed that shallowing of E spectra and steepening of B spectra at scales below the ion gyroradius may be linked to kinetic Alfvén waves [Bale et al., 2005; Chaston et al., 2012] . The observations of the E and B spectra in the range between f ci and f LH presented here could be related to kinetic Alfvén waves.
An additional break in the E spectrum is found near f LH , which may have implications for the dissipation of energy in the region or could indicate a change in nonlinear dynamics. One intriguing consequence of confined regions of turbulence is the radiation of plasma waves. Electrostatic whistler waves are associated with a cutoff frequency at f LH . If these waves have large enough group velocities, they may radiate out of the region before significantly participating in the turbulent cascade, so the steepening of the slope above f LH may be associated with removal of energy through whistler wave radiation. A similar process of dissipating energy through plasma wave radiation was proposed in the context of bursty bulk flow braking where it could lead to Alfvénic aurora , and wave radiation has been seen in KHI simulations .
Observational evidence for turbulent intermittency has been found within the KHI, and the formation of intermittent current structures in particular may be important for the development of reconnection in the KHI vortices. For quasi 2-D turbulence with a strong B 0 , as observed in this event, the formation of field-aligned currents is expected since small-scale fluctuations in B develop in the perpendicular direction. The significant differences in the U i,|| and U e,|| spectra, which imply the presence of field-aligned currents, may be consistent with this scenario. If sufficiently strong field-aligned currents are generated, they may lead to the generation of waves and double layers through field-aligned current instabilities providing additional pathways for the dissipation of turbulence in collisionless plasmas .
While several features appear similar to the expectations from turbulence in other space plasmas, one point of distinction between the turbulence observed in the solar wind and that which is observed here is with regard to the kinetic-scale intermittency. Solar wind studies of intermittency have shown that structure functions exhibit a linear scaling between p and p when computed at kinetic scales (whereas when computed at MHD scales the departure from a linear scaling expected from intermittency is obtained) [Kiyani et al., 2009] . Additionally, saturation of the kurtosis of magnetic increments at kinetic scales has also been observed . One interpretation of these results has been that the MHD turbulence at large scales builds up strong enough current structures or structures with large enough aspect ratios, such that these structures quickly destabilize due to kinetic instabilities once reaching subion scales [Chen et al., 2014] .
In contrast, the results presented here show a continued increase in the kurtosis and nonlinear scaling of structure function exponents for the magnetic field at subion scales, similar to the behavior seen in hybrid turbulence simulations [e.g., Franci et al., 2015] . This behavior may result from the KHI turbulence and simulations having less extensive MHD inertial ranges over which to develop strongly intermittent structures at MHD scales as compared to the solar wind. The length scale associated with the large-scale KHI in this event is found to be roughly 2 R E [Eriksson et al., 2016] , and conceivably the length scale of secondary instabilities driving the turbulence could introduce a smaller scale for the largest scale of the turbulence. For comparison, the ion gyroradius and inertial length are 40 km and 65 km, respectively. Alternatively, the behavior may result from this event being at a relatively early stage in the development of turbulence.
From a geophysical standpoint, the tangling of the magnetic fields by the turbulence and formation of intermittent current sheets can lead to reconnection within the KH vortices. By connecting magnetosheath and magnetospheric magnetic fields, reconnection events provide a means through which magnetosheath plasma can enter the magnetosphere, and this mixing can excite further wave activity [Ergun et al., 2016b] . Additionally, scattering of particles by the turbulent fluctuations can provide an additional means of mixing within the KHI. In order to understand these phenomena, one must therefore have an understanding of the properties of the turbulence in the region.
Conclusions
In this study, results from MMS have been used to observationally demonstrate that turbulence is present in the Kelvin-Helmholtz instability and for the first time intermittency and anisotropy are examined in this region. A variety of analysis techniques are used to probe the properties of turbulence in the region between the periodic current sheets associated with the large-scale KHI. The presence of power law spectra and distributions of magnetic field increments consistent with intermittency are suggestive of the presence of turbulence. For the first time, both the ion and electron velocities have been examined at kinetic frequencies, demonstrating the decoupling of ion and electron behavior in the small scales. Differing behavior of ion and electron velocities in the parallel direction with respect to the magnetic field is also found, which may be linked to field-aligned currents in association with the quasi two-dimensional turbulence found in the region. Changes in spectral slope are found near the ion gyrofrequency, and for the electric field an additional change in power law is found near the lower hybrid frequency. The behavior of intermittency in the kinetic regime differs from that which is observed in the solar wind, which could be indicative of the degree to which kinetic instabilities are active at ion scales.
Several future topics of research could build on this work. Simulations often show a layer of turbulence, which envelopes the current sheets between the vortices, in the later stages of development of the KHI Daughton et al., 2014] . The presence of distinct periodic current sheets in this event may mean that the turbulence is still in the relatively early stages of development. Later in the MMS mission, when the apogee is raised to study magnetotail reconnection, KHI farther downtail may be encountered and provide insight into the later stages of KHI turbulence. While the separation of the MMS formation was ≈ 175 km in this study, the separations are varied down to 10 km over the course of the mission. Observations of KHI events at smaller separations could provide valuable insights into the kinetic-scale behavior and individual current structures in the turbulence. Additionally, a detailed comparison of turbulence within KHI events and turbulence within the magnetosheath could provide further insights and will be explored in future work. However, we note that within the event studied in this paper, data from the most magnetosheath-like times appear to have lower fluctuation amplitudes (see section 2 and Figure 1) .
MMS also provides an opportunity for further work on plasma turbulence in general, which could be explored in future studies. MMS will encounter a variety of potentially turbulent environments, including KHI events, the magnetosheath, plasma sheet, and solar wind, that will allow the examination of turbulence in various parameter regimes. Analysis of events with smaller spacecraft separations could provide further information about intermittency, anisotropies, and the wave number spectra, such as with an application of the k-filtering technique [e.g., Sahraoui et al., 2010] , well into the kinetic scales and approaching the electron scales. FPI provides a unique opportunity to examine the behavior of U i and U e at kinetic scales and could provide valuable insight into the kinetic physics at play in turbulent plasmas. High-resolution particle distribution measurements will allow for the examination of kinetic instabilities within turbulent plasmas. MMS can also measure currents using both the curlometer method and the particle measurements [e.g., Burch et al., 2016b] , which could provide insights into the intermittent current structures and dissipation. In this study, the behavior of the currents has not been studied because of the relatively large spacecraft separation in the event. Finally, the results of this study indicate that comparing the behavior of intermittency at kinetic scales in the solar wind and magnetospheric plasmas may provide a deeper understanding of the impact of kinetic-scale physics on the turbulent structures.
